When this topic, nonspecific resistance to infectious disease, first came under the author's consideration it seemed quite possible to group many factors affecting disease resistance into the nonspecific category. At first thought, penicillin, botulinus toxin, and climatic differences might be considered such agents. Penicillin affects several species of bacteria in several hosts. Botulinus toxin sickens several hosts. Climate seemingly changes many diseases. Further thought showed that the problem was much more complicated if the actual operation of any of these agents was traced to the mechanism through which it acted in causing resistance or susceptibility. It was true that the action of each of these agents spread over a number of species but in these species the vulnerable point was generally found in some common physicochemical reaction extending throughout the group. This common method of action would be expected if consideration is given to how the disease process could arise. In evolutionary times differentiation took place, making different members of the then living group capable of fitting into different climatic or other conditions. The initiation of these differentiations probably took origin in specific mutations, which control specific mechanisms in the developmental pattern not only of the individual with the inheritance but also in progeny to come. As a result, rivers of like physicochemical reactions flowed out to what ultimately became different species. Similarly pathogens developed and expanded through the incorporation of some change in their organization which gave them the ability to invade a specific host. Again the process was comparable to gene mutation. Ever-present selection refined the processes by which the organism became pathogenic on those species which had the specific characteristic to interact specifically with the newly acquired property.
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In this light many of the factors called nonspecific are in truth dependent upon precise reactions. The gene, though carried by the host or pathogen and operating on them, in many ways is as separable a specific entity as either. When fully understood it may be manipulated as exactly, and with the same purpose, as any bacteria, virus, or chemical pathogen. When the host is dependent on a number of gene pairs or allelic series, susceptibility or resistance to a disease appears complex and difficult to analyze. Similar complexities are found for a disease requiring the simultaneous interaction of several pathogens and/or environmental conditions for its expression. Natural resistance seems to mean that specific structures which are distinct from those of naturally susceptible hosts, grossly or microscopically visible or biochemically detectable, have been formed within the organisms. Infection appears to require specific forces antagonistic to those of the attacked host constitution if entrance is to be gained and the disease syndrome develop to the point where the host is overwhelmed.
Resistance is based on estimates of how different members of a population behave with regard to each other or to the whole. Populations of men, many strains of laboratory mice, chickens, and other species which are utilized for study, vary greatly in the genotypes of the individuals which compose them. They are a heterogeneous lot. Koch, three quarters of a century ago, demonstrated the importance of "isolating" and studying pure genotypes in a pathogen if studies of pathogenesis were to have critical value. Similar considerations apply to the host populations if disease is to be understood. Through genetic means different host genotypes may be isolated and stratified into relatively pure strains. The sum of the variations observed for these strains should equal that for the original heterogeneous population. Preferably only one genotype will constitute each strain. It takes several inbred strains and several similar lines of the pathogen, tested in all possible combinations, to give significant information on the resistance of a species 192 on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from to a disease in which a microorganism is the initiating agent. Similar considerations apply when a nutritional or other environmental element is utilized to further complicate the disease syndrome.
HOST CONSTITUTION AND RESISTANCE Animals, plants, and man all show many pathological conditions which may be attributed to an equal number of single gene differences between those which show the condition and those which do not. In one species not less than ten thousand such pathological conditions are known. The gene, causing the abnormal type, may be regarded as the pathogen. Its action is often susceptible to environmental modification leading to various degrees of severity of effect. In some instances the stimulus is known to be specific at higher or lower external temperatures, more or less humidity, or the presence or absence of different quantities of a vitamin such as riboflavin.
Fewer instances are known in animals in which single gene differences make for susceptibility or resistance to a particular pathogen. Bacillus piliformis in mice and Salmonella choleraesuis in guinea pigs initiate diseases which, under proper circumstances, have most of the proper attributes for this one-to-one relation between host gene constitution and pathogen virulence. Proper analyses may show many more cases in animals. Breeding systems in animals are not conducive to uncovering such simple relationships. In plants, where natural selfing is often the customary mode of reproduction, single gene bases for susceptibility and resistance to infectious disease are common findings. This one-to-one relation has been noted for diseases of bacterial and viral origin as well as those caused by multicellular fungi and higher organisms.
In most animal diseases more than a gene pair is involved, more complex inheritance is observed and a larger number of mechanisms for resistance become evident. Mice in their relations to the pathogen Salmonella typhimurium furnish a case in point. In our studies of this disease, and of those associated with this work over the past thirty-five years, (Gowen 1952 (Gowen , 1954 any other strain or even for the females of the S strain. It is further found that the males are quite susceptible to large doses of killed S. typhimurium 11C. These deaths also occur within the period of 1 to 4 days following inoculation. These facts are interpreted as pointing to two causes of deaths for the males of this particular strain. The deaths which come early in the disease are attributed' to rapid release of endotoxin from the digested bacteria. The deaths which occur later are attributed to the common cause of death for all strains, the growth of the disease organisms in the host.
Within this range from nearly complete resistance to nearly complete susceptibility, S and Ba strains respectively, the other strains show intermediate resistance values. Though these values have fluctuated during the 11 year period included in these data, they have on the whole kept their relative positions. The observed stratifications may be interpreted on the basis of a number fo genes affecting different physiological host functions responsible for the resistances or susceptibilities to the bacteria. These resistances or susceptibilities could scarcely be analyzed in a random breeding population. In any such population successive mice, when picked up for disease tests, would show hit or miss resistance or susceptibility to the disease and thus vitiate results coming from such experiments.
The stratification of the strain resistances to mouse typhoid strain 10C suggests that resistance is likely to be due to several causes rather than to a single attribute. The highly resistant or lowly resistant mouse comes about through particular combinations of these causes favorable to life or detrimental to it. A study of these strains suggests factors which may have little relation to natural resistance to the disease as well as some which may be important. As pointed out, the breeding pairs of mice that give the replacements for the inbred stocks in any generation have no contact with S. typhimurium. They and their progeny show no detectable agglutinins or precipitins. The absence of these products indicates that they are not formed in these mice before direct contact with the bacteria. Body weight prior to the disease attack also has little influence on the disease outcome. Spleen weight increases remarkably during the early course of this disease. Strains differ in the degree of enlargement at 4 days. However, quantitatively the enlargement was not correlated with the differences in strain resistance. The strain differences extend to the characteristics of the internal organs. The effects of weight differences of the heart, kidney, liver, spleen, and testes were studied. The genetic differences account for some 40 per cent of the total variation in the weights of these organs. For the kidneys, another 40 per cent was accounted for by sex differences. Liver, spleen, and heart sizes show little sex effects. When correlated with disease resistance it was found that larger sizes of hearts, kidneys, and livers favored the survival'of the mice within the different strains. The masses of the hearts and livers were more indicative of resistance than the relative sizes of these organs. For the kidney, both absolute and relative weights were significant in the prognosis of the disease outcome. The spleen-weight to body-weight ratio had a high negative correlation with the resistance of 5 strains but the correlation is broken by the behavior of the S mice.
The general physiological well-being of the mice during infection was of importance. Both resistant and susceptible mice lost weight during the 4 days following infection. Normal body Weight for age was regained by the resistant mice, generally by the 7th day. These weight changes were correlated with the strains' natural resistances. Weight changes have a real prognostic value in determining the strains' survival but may be considered a result rather than a cause of the natural resistance. Circulating blood cells also showed individuality of response for the different strains. The blood volumes of mice varied over a rather wide range. When this variation was partitioned into that for the different strains, the variation between strains became rather large and that between mice within strains was much reduced. Plasma volumes also showed a tendency to rise in certain strains, the rise being accompanied by a fall in the levels of serum proteins.
The serum proteins of the different strains displayed unique characteristics. Of the strains analyzed only the E strain was observed to have a particular j3-1 globulin. The concentration of this protein was sufficient to account for the increased serum-protein value found in strain E. During mouse typhoid, the (3-1 globulin increased. Inheritance of this protein was studied in crosses of mice infected with typhoid. The (3-1 peak was present in all sera indicating dominance of the 194 [VOL. 24 on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from gene or genes responsible for organizing this globulin. Similarly a new protein of a different type, a-i globulin, was observed only in the serum of the S mouse. Differences in 'y-globulin content of the serum were likewise found to be strain dependent.
A progressive change in the average leucocyte numbers with increase in resistance to mouse typhoid was observed. The two most resistant strains had the largest numbers of leucocytes, the most susceptible mice the smallest number, and the intermediate resistant strains had leucocytes in intermediate numbers. The strain differences in leucocyte number were also related to the changes which accompany the course of the disease. The bloods of all strains showed a reduction in leucocyte number as the disease became more acute, the greatest change coming on the 2nd day after infection. Strains with the most numerous leucocytes retain their initial advantages throughout the course of the disease. Differential rates of recovery in leucocyte numbers appeared after the disease had progressed for 1 week. The most resistant strains recovered first, the second most resistant next.
The macrophages of the liver in the susceptible and resistant strains also displayed differences. In susceptible lines, bacteria are readily ingested and large numbers of them may be observed within these cells. These bacteria appear normal, have good staining properties, and seem to be reproducing normally. In genetically fully susceptible mice the bacteria appear to increase within the macrophages to a point where they may break out of the cell and become new foci of infection. In the resistant mice it is difficult to demonstrate macrophages containing ingested bacteria. This was only possible when the dose given was 100 times that received by the susceptible mice. In these cases the bacteria do not stain well and their cell walls appear ragged. It is suggested that the macrophages of the resistant line have a highly effective digestive enzyme which rapidly destroys the ingested salmonellae, whereas the enzyme is in reduced amounts or absent from the macrophages of the genetically susceptible mice. The liver cells of the resistant strains are able to perform the vital functions in the glycogen cycle and in fat synthesis even in the presence of large lesions, whereas the liver cells of the susceptible mice will not. Resistant strains may show extensive lesions of the liver and survive, whereas the susceptible strains will die without pronounced clinical damage to that organ. By contrast, the naturally resistant mice show little damage to their spleens although the disease may be severe. Susceptible mice, on the other hand, ordinarily display noticeable lesions in this organ. These observations again call attention to the capacities residing within the cells which may be significant to the disease resistance. The liver cells of the resistant mice are able to wall off the large necrotic lesions, block off the spread of the S. typhimurium, and neutralize any released endotoxins that may be formed, thus allowing the remaining tissue to perform its vital functions.
Our work on X-ray irradiation further emphasizes the importance of all body cells in resistance to this disease. By irradiating particular regions of the body it is possible to depress the physiological functioning of the cells and organs in these regions without direct effects on those of other regions. A total of 6904 mice of 5 of the previously described strains, 8, Z, K, Q, and Ba, were irradiated over various body regions, head third, middle third, rear third, head-mid, head-rear, mid-rear, and whole body, 7 groups in all. Each of these groups were further subdivided into 3 groups receiving dosages of 320, 480, and 640 r. Unirradiated controls were included. The sexes were treated separately. Fifteen days later the mice were exposed to S. typhimurium, liC, to evaluate their natural resistance. The survivors were then challenged for actively acquired immunity at 21 days following their initial exposure. Resistance was decreased when the mice were exposed to the higher radiations. Loss of resistance was correlated with the natural resistance of the strains. Least square analyses for changes in resistance due to irradiation of particular body regions showed that irradiation of the mid-region followed by that of the head region was most effective in reducing natural resistance. However, these effects were not large. Quantitatively the greatest factor for recovery was the presence of any unirradiated cells, whatever their location within the body.
In summary, the above information showed that resistance to this infectious disease was associated with a rather large number of distinct anatomical and functional reactions for which the strains have been purified. Each factor showed specificity. The characters studied, although significant to resistance, probably represent only a sample of the characters important to the host's control of this disease as it occurs in mice.
NONSPECIFIC HOST RESISTANCE TO INFECTIOUS DISEASE
Taken broadly the term nonspecific resistance implies that the characteristics in one host which promote resistance to one disease also are effective in promoting resistance to another disease caused by a different pathogen. Basically, observation and discussion of this question extend back to the Hippocratic corpus and no doubt earlier. Yet quantitative data to evaluate this question are few. They include tests on the same strains of mice for resistance to S. typhimurium, pseudorabies, and ricin; to pasteurellae, louping ill, and St. Louis encephalitis; to S. typhimurium, pasteruellae, and klebsiellae; and to S. typhimurium, S. enteritidis, louping ill, pasteurellae, and pneumococci. The results concur in showing that a resistant constitution for one disease is only likely to be indicative of resistance to another disease if the two diseases are fairly closely related in the taxonomic sense. When the diseases are of different types, resistance to one tends to be independent of resistance to the other. In this respect resistance behaves like other genetic characteristics which are dependent upon many genes -some genes are independent, some linked, and some develop interrelated physiological effects. Such correlations may give the impression of nonspecific reactions. Yet the inheritance making up these reactions seems to be ultimately separable and therefore specific in action, even though the products formed thereby may be found in more than one species and influence resistance accordingly.
PATHOGEN SPECIFICITY
Resistance to infectious disease in a given host also is influenced by the genotypes that are possible in the pathogenic species. These genotypes may be just as diverse as those found in the host species on which they act. Since most pathogenic species reproduce in large numbers and with great rapidity, it follows that even with a low mutation rate, the host may be subjected to a variety of pathogenic types. Mutant types within the species include differences in patterns of growth, color, morphology, physiological, antigenic, or pathogenic properties. Analyses of the effects of these mutant changes on disease expression in mouse or fowl typhoid, tobacco mosaic, and corn wilt disease are concordant in showing that mutation materially affects disease severity. With selection, some of thd new forms become true breeding types. The type established has a close relation to the environmental requirements for its survival. Study of a mutant line of a single pathogenic species shows that the pathogen's ability to initiate a disease is rather highly specific. As attained in nature, pathogenicity seems to be the product of chance combinations of genes which made their appearance and were preserved and improved upon by selection during successive generations of reproduction for better and better gene combinations. Evidence from epidemics indicates that efficient gene combinations in the pathogens were evolved. Changes of a random sort, comparable to those resulting from chance mutation, only rarely would be expected to improve on the disease-producing capacities. Our results from testing some hundred mutations of S. typhimurium agree with this interpretation. Mutation itself was a random process. Some mutants were virulent, some avirulent, some of reduced virulence. Virulent lines were established but the average virulence, after all the mutants had been tested, was found to be less than the parent type when a highly virulent line of the pathogen was under study. Similarly if the parent strain was of low virulence, mutation tended to increase the average virulence of the mutant types to some degree. These considerations point to specificity of virulence and its dependence on a number of characters within the species. In this sense virulence is comparable to resistance in that it is multifactorial.
The same pattern extends to mechanisms that give rise to resistance to a disease as initiated through vaccination. It is a fact, familiar to those who make vaccines, that lines of a disease pathogen differ in their abilities to generate high resistance in the vaccinated host. Tests of S. typhimurium lC and a mutant having low virulence derived from this line confirm this conclusion.
The genotypes of the host strains also result in differences in response to vaccination. The degree of immunity resulting from vaccination is dependent upon how these different genotypes interact. In one experiment, 4212 mice of 6 of the inbred strains shown in figure 1 As discussed earlier for data on the natural resistance observed in these strains, there are at least two factors operating to cause death. Mice of certain strains, noticeably the S and RI males, frequently die shortly after inoculation, apparently from rapid release of the endotoxin. Deaths in the other mice follow the morbidity curve which is characteristic of that observed in the natural infection in which growth of S. typhimurium takes place within the host. The host genotypes varied in their abilities to develop and utilize the immunity generated by the introduction of the killed vaccine. All genotypes showed remarkable increases in resistance. However, the degree of resistance generated was largely dependent on the natural resistance of the mouse genotype treated. The naturally resistant strains showed the highest survival values when they were vaccinated and then challenged by high doses of living organisms. Strains of intermediate natural resistance showed intermediate resistance following immunization. The naturally most susceptible strains remained susceptible after vaccination. The level of resistance of each strain was simply raised a proportional amount. In terms of live bacteria inoculated, the average immunized mouse of these experiments resisted 100 to 200 times as many virulent organisms as the unvaccinated animals.
As noted earlier, correlations exist between the levels of cellular elements in these mouse strains and natural resistance. Since humoral elements are not found prior to the first contact with the disease they can hardly take a part in these reactions. The effects of vaccination parallel those found for natural resistance in that they depend on the genotypes of hosts and of pathogens. These facts suggest that acquired immunity to mouse typhoid is also attributable to cellular mechanisms which act specifically and are in part carried over from natural resistance to be reflected in the resistance acquired by direct contact with the pathogen. figure 1 will be under consideration. The mice ranged from 40 days to more than 700 days old at first contact with the disease initiated by S. typhimurium. These ages correspond to between 4 and 70 per cent of the maximum life span observed for these inbred strains. The over-all resistances of the strains are shown in figure 1 along with the survival values of the sexes. The strain differences range from resistant to almost completely susceptible. The males are slightly more susceptible than the females. When plotted according to age of first contact with the disease as in figure 3 , the younger mice are found to be somewhat more susceptible than those that are between 150 to 350 days of age. From 350 days to later life, resistances take a pronounced drop.
The females are more resistant than the males after the age of 150 days and throughout the rest of their lives. Males and females mirror each other in the observed age effects on resistance.
It may be argued that sex and age differences in resistance to S. typhimurium are true nonspecific effects. To some extent this may be so, yet it is only a half truth. When the 10 strains were examined for their sex and age reactions on resistance it was found that the sex effects on resistance were confined to 6 strains, with the S strain showing the most pronounced and consistent effects throughout the life span. For the other 4 strains some variability in resistance was observed but the males and females have about the same average resistances. No strain shows the females consistently less resistant than the males by any large amount.
Similarly changes in resistance with age show strain specificity. Four strains decrease in resistance, 4 remain constant, and 2 rise somewhat.
Changes in resistance with year of test were irregular but without trend. Some of the yearly variations resulted from unequal numbers of mice of different strains being tested during the different years. Eight of the different strains kept their relative resistances fairly constant over the different yearly periods. Two strains showed a decline in resistance, one from 1944 to 1955, and the other from 1946 to 1955. Again the change brought about by the environmental differences over the years appeared to be specific for strains rather than nonspecific over the whole period.
CONCLUSIONS
This paper considers nonspecific resistance to infectious disease largely on the basis of evidence from one disease, mouse typhoid as initiated by Salmonella typhimurium 11C in one host species, Mus musculus, under a limited number of environmental conditions. It has been shown that both the pathogen and the host species may be subdivided into relatively true breeding lines or strains, respectively, through genetic techniques. Environment is similarly divisible into component parts. In nature all three factors are normally operating in the disease syndrome. In the laboratory, graded series in morbidity or mortality can result through holding any two of these major factors constant and varying the third. The three factors form the bases governing the fourth effect, measured by the proportion of those which sur-198 [VOL. 24 on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from vive the disease. Simultaneous representation of four variables is difficult but by holding one variable constant much information can be gained. This method of representing disease resistance was put into use by the writer in 1932 in representing mouse strain differences in resistance to graded dosages of ricin. The original data were smoothed somewhat to give continuity. The model has been extended to the relation between the genotypes of mice and chickens and the genotypes of their disease-causing bacteria, Salmonella typhimurium and Salmonella gallinarum, as well as to host genotypic differences in tobacco and chickens for the virus diseases, mosaic and leukosis, respectively. The results are similar in pattern although the scales need some adjustment. The level of mortality and morbidity to different lines of their infectious typhoid organisms in mice or fowl, for example, when dose and environmental variables are held relatively constant, is dependent upon the proper relations between the genetic constitution of the host and the pathogen. The degree of resistance comes from the associations of each working together. Each has specificity. As a summary to this discussion of nonspecific versus specific resistance, a figure published in 1952 is reproduced which shows a model of this relationship (figure 4).
The genetic constitutions of the hosts for the measured resistances or susceptibilities to the disease are shown on one side of the square. At one end specific doses of the pathogen cause complete mortality to the hosts of the highly susceptible genotype. In the mid-range of the host genotypes the same dose of the highly virulent organisms causes high but not complete rate of mortality. Introduced in highly resistant genotypes, the virulent bacteria in the same numbers may be recognized through the morbidity of their hosts but may cause no mortality. Similarly, bacteria of medium virulence may cause high but not complete rate of mortality in some geno- types, medium rate of mortality in others, and no mortality in a number of others.
The surface of the figure gives the associated actions of the different host and pathogen genotypes in the causation of mortality from the given disease under the particular conditions. The genotypes fit together in such a manner as to give all types of disease severity. This key-tolock arrangement indicates that the factors necessary are themselves specific in action although the very complexity of the associations is such that in many instances they may appear to be nonspecific.
In like manner, discussions of variables like age, season when disease was contracted, sex, various characteristics within both the host and pathogen, and active immunity acquired through vaccination have all indicated that when the character bases for the disease are sufficiently refined, they rest upon specific reactions.
